Background and Aims: Patients with ulcerative colitis [UC] are at an increased risk of developing colitis-associated cancer [CAC], suggesting that continuous inflammation in the colon promotes the transformation of colonic epithelial cells. However, the mechanisms underlying cell transformation in UC remain unknown. We therefore aimed to investigate the effect of long-term inflammation on intestinal epithelial cells [IECs] using organoid culture. Methods: IECs were isolated from mouse colon, and were cultured according to a method for a three-dimensional [3D] organoid culture. To mimic chronic inflammation, a mixture of cytokines and bacterial components were added to the medium for over a year. Cell signal intensity was assessed by 3D immunofluorescence. Cell transformation was assessed by microarray with gene set enrichment analysis. Results: Stimulation with cytokines resulted in a significant induction of target genes for the nuclear factor [NF]-κB pathway in colonic organoids. Following 60 weeks of continuous stimulation, cell differentiation was suppressed. Continuous stimulation also resulted in significant amplification of NF-κB signalling. Amplified NF-κB signalling by long-term stimulation remained in colonic organoids even 11 weeks after the removal of all cytokines. Some genes were specifically upregulated only in colonic organoids after the removal all cytokines following long-term stimulation. Conclusions: Colonic organoids stimulated with cytokines for a prolonged period were established as in vitro model to assess long-term epithelial responses to inflammatory cytokines. Chronic inflammation led to sustained NF-κB signalling activation in colonic organoids, resulting in cell transformation that might be related to the carcinogenesis of CAC in UC.
Long-term Inflammation Transforms Intestinal
The risk of colorectal cancer [CRC] is 20-30-fold higher in patients with UC than in the general population. 2 In Asia, including Japan, the prevalence of IBD continues to increase; thus it is expected that the incidence of CAC among Asian populations will also increase in the near future. 3 In particular, we need to be aware of the greater malignant potential of CAC than that of CRC, because the patients with CAC have poorer prognoses than those with CRC. The acquisition mechanism of malignant potential in CAC should therefore be clarified apart from that in CRC. We have previously reported that activation of the nuclear factor [NF]-κB pathway in response to inflammation tightly regulated the phenotype of CAC, including cell stemness, chemoresistance, migration and mucinous formation. 4 However, the mechanisms underlying the malignant transformation of benign colonic epithelial cells to CAC remain unknown. Although an azoxymethane/dextran [AOM-DSS]-induced CAC mouse model has been established, 5 the process of carcinogenesis in colonic epithelial cells has not been fully elucidated, whereas it is well known that NF-κB and cytokine signalling activation are crucial for the generation of CAC. 6 In addition, critical inflammatory factors affecting transformation of colonic epithelial cells in this in vivo model remain to be identified.
Recently, we established a method for long-term primary culture of colonic epithelial cells as organoids 7 and were able to assess the state of the organoids in response to various forms of stimulation over time. Therefore, the aims of the present study were to assess the effect of long-term inflammation on the transformation potential of benign colonic epithelial cells in organoids and to identify factors, induced by long-term inflammation, which promote this transformation.
Material and Methods

Cell culture and chemicals
Colonic crypts were isolated from 8-week-old C57BL/6J female mice and cultured using the Tokyo Medical and Dental University [TMDU] protocol, as described previously. 7 Briefly, 500 μl of advanced Dulbecco's modified Eagle's medium/F12 containing 1% bovine serum albumin [Sigma-Aldrich, St Louis, MO 
Quantitative real-time polymerase chain reaction analysis
Total RNA was isolated using the RNeasy Micro Kit [Qiagen, Hilden, Germany], according to the manufacturer's instructions.
Aliquots of 1 μg of total RNA were used for cDNA synthesis in 20-μl reaction volumes. One microlitre of cDNA was amplified using the SYBR Green PCR Master Kit [Qiagen] in a 20-μl reaction volume as previously described. 8 Mouse colon tissue cDNA was used as a standard for quantitative mRNA expression analysis. Flagellin-stimulated CT26 cells were used as a standard for expression analysis of interleukin [IL]-8. The primer sequences used in this study are summarized in Supplementary Table S1 , available as Supplementary Data at ECCO-JCC online. Data were adjusted to the expression levels of β-actin.
Microarray analysis
Microarray analysis of untreated organoids was performed at 0, 12 and 60 weeks after treatment with all inflammatory reagents, and at 12 weeks after the removal of all inflammatory reagents following the inflammatory stimulation for 45 weeks, using the SurePrint G3 Mouse GE 8x60K microarray [Agilent Technologies, Santa Clara, CA, USA]. Gene set enrichment analysis [GSEA; Broad Institute, Cambridge, MA, USA] was also performed for the detection of specific activated cell signalling pathways, as previously described. 9 
Three-dimensional immunohistochemical analysis
Organoid samples were fixed in 4% paraformaldehyde for 3 h, treated with 0.2% Triton-X for 15 min and then blocked with Block Ace [DS Pharma Biomedical, Osaka, Japan] for 60 min. Heat-induced antigen retrieval was performed using a microwave [500 W, 10 ]. The area of each organoid was calculated using 'Analyze Particles'.
Quantification of the nuclear translocation of NF-κB
To quantify the nuclear translocation of NF-κB p65, green fluorescence of the nucleus and cytoplasm in living organoid cells was measured using ImageJ software. The nucleus was selected by DAPI staining. All cells in an organoid were counted on confocal laser fluorescent images. The ratio of the fluorescent intensity of the nuclei to that of the cytoplasm was calculated.
Reactive oxygen species analysis
Reactive oxygen species [ROS] production in live organoids was assessed by adding CellROX® Deep RedStress Reagents [Life Technologies, Carlsbad, CA, USA] to the TMDU medium for 1 day according to manufacturer's protocol. Organoids were visualized by confocal laser fluorescent microscopy [BZ-8000; Keyence Corporation, Osaka, Japan]. Red fluorescence of the cytoplasm in liinge organoid cells was measured using ImageJ software to assess the intensity of ROS. All reagents Untreated The degree of mRNA expression was normalized to that of β-actin. cDNA generated from mouse colonic tissue was used as a standard for quantitative mRNA expression analysis. Student's t test was used for statistical analysis. *p < 0.05, **p < 0.01, n = 3.
Statistical analyses
[f] RT-PCR analysis of differentiated marker genes in the organoids cultured for 60 weeks with 60 passages. The degree of mRNA expression was normalized to that of β-actin. cDNA generated from mouse colonic tissue was used as a standard for quantitative mRNA expression analysis. Student's t test was used for statistical analysis. *p < 0.05, **p < 0.01, n = 3. RT-PCR, real-time polymerare chain reaction. CA II, carbonic anhydrase II.
t test. A probability [p] value of < 0.05 was considered statistically significant.
Results
Long-term inflammatory stimulation of mice colonic organoids
Expression levels of receptors for cytokines and toll-like receptors [TLRs] , which are crucial for inflammation-based carcinogenesis, were investigated to assess the inflammatory response of colonic organoids. Expression levels of the IL-1β receptor and TLR5 in the organoid were less than those in the colon tissue [ Figure . Although the expression of stem cell and proliferation markers was changed by the long-term inflammation, tendencies were inconsistent among these markers [ Figure 1e ]. In contrast, reciprocal alternation between Atoh1 and Hes1 expression was induced by the long-term inflammation, which resulted in the transformation to the undifferentiated cells of colonic organoids.
Long-term inflammation leads to amplification of NF-κB signalling
To assess the effect of long-term inflammation on the organoid, comprehensive gene expression profiles of treated organoids were assessed by microarray analysis [ Table 1 ].
Gene set enrichment analysis [GSEA] revealed significant activation of the NF-κB signalling pathway [ Figure 2a ], whereas expression of dual oxidase maturation factor 2 [DUOXA2], which is a target gene of NF-κB signalling, was found to be upregulated by microarray analysis. Expression of DUOXA2 was gradually upregulated, whereas IL-8 was continuously upregulated by treatment with the inflammatory reagents from 3 h to 60 weeks [ Figure 2b ]. Wholemount immunostaining for p65 enabled analysis of the activation of NF-κB signalling in all cells of the organoids. Treatment with inflammatory reagents showed nuclear accumulation of p65 in some cells of the organoid [ Figure 2c ], indicating that NF-κB signalling was activated by the inflammatory reagents. Moreover, we found an increase in the nuclear accumulation of p65 in the organoids in response to long-term inflammation [ Figure 2d , e, Supplementary  Figures 2 and 3 , available as Supplementary Data at ECCO-JCC online], suggesting that NF-κB signalling might be amplified over time depending on the source of stimulation.
NF-κB signalling activated by long-term inflammation was sustained after the removal of cytokines
We then investigated whether colonic epithelial cells in the organoids were transformed by long-term inflammatory stimulation in addition to undifferentiated transformation. The inflammatory reagents were removed from the medium to eliminate the effects of the inflammatory response on the organoids [ Figure 3a ]. After inflammatory stimulation for 3 h, the reagents were removed for a couple of weeks, and the expression levels of IL-8 and DUOXA2 completely rebounded to levels before addition of the reagents [ Figure 3b ], suggesting that NF-κB signalling might have been completely shut down by removal of the inflammatory reagents. However, expression levels of IL-8 and DUOXA2 in the organoids following long-term inflammatory stimulation were maintained for 11 weeks after removal of the reagents [ Figure 3b ], suggesting that NF-κB signalling might be persistently activated. TNFα expression induced by inflammatory stimulation was also sustained in the organoids after the removal of cytokines, whereas EGF was not expressed either during inflammatory stimulation or after the removal of cytokines [ Supplementary  Figure 4 , available as Supplementary Data at ECCO-JCC online]. We observed nuclear localization of p65 in some cells of the organoids following long-term inflammatory stimulation in spite of cessation of cytokine treatment for 11 weeks [ Figure 3c , d]. In addition, reactive oxygen species [ROS] were still detectable in the organoid 11 weeks after the removal of the reagents following long-term inflammatory stimulation [ Figure 3e , f], suggesting that the organoids might be transformed into the cell stress state.
Long-term inflammation led to cell transformation after the removal of cytokines
To investigate whether intestinal epithelial cells [IECs] were irreversibly transformed by the long-term inflammation, comprehensive gene expression profiles of the organoids after the removal of cytokines were assessed by microarray analysis [ Table 2 ]. GSEA analysis, which was used to compare gene expression profiles in the organoids stimulated for 60 weeks with those in the organoids 12 weeks after the removal of the cytokines following long-term inflammatory [a] GSEA was performed using the microarray data between untreated organoids and organoids treated with inflammatory reagents for 60 weeks. GSEA [gene set; Activation of NF KappaB Transcription Factor] showed that NF-κB signalling was upregulated in the organoids treated with inflammatory reagents for 60 weeks.
[b] Continuous stimulation with inflammatory reagents in the organoids showed the accumulation of products of NF-κB target genes. The organoids were treated with or without inflammatory reagents. Expression levels of IL-8 and DUOXA2 were assessed in the organoids treated from 3 h to 60 weeks. Flagellin-stimulated CT26 cells were used as a standard for quantitative mRNA expression analysis. The degree of mRNA expression was normalized to that of β-actin. Student's t test was used for statistical analysis. *p < 0.05, **p < 0.01, n = 3.
[c] 3D immunostaining of a whole organoid to assess NF-κB p65 regulation. Sequential confocal imaging of a whole organoid is shown. Localization of p65 was shifted to the nuclei of the organoids by treatment with inflammatory reagents for 3 h. [d] NF-κB p65 was accumulated more strongly in the nuclei by treatment with inflammatory reagents for 33 weeks than for 3 h. Arrows indicate the nuclei of the organoids treated for 0 h, 3 h and 33 weeks, respectively. [e] Quantification of the nuclear translocation of NF-κB p65. To quantify the nuclear translocation of NF-κB p65, the ratio of the fluorescence intensity in the nuclei to that of the cytoplasm was assessed. Student's t test was used for statistical analysis. *p < 0.05, **p < 0.01, n = 10. GSEA, gene set enrichment analysis. [a] A schema of the experimental design for NF-κB signalling without inflammatory reagents. All inflammatory reagents were removed after treatment for 3 h or 35 weeks. At 0, 2 and 11 weeks after removal of the inflammatory reagents, the organoids were collected for RT-PCR.
[b] Expression levels of IL-8 and DUOXA2 were assessed by RT-PCR. The degree of mRNA expression was normalized to that of β-actin. The horizontal axis indicates the time span after the removal of the inflammatory reagent following the treatment for 3 h and 35 weeks, respectively. Student's t test was used for statistical analysis. **p < 0.01, n = 3.
[c] 3D immunostaining analysis of NF-κB p65 showed the translocation of p65 to the nuclei of organoids 15 weeks after the removal of inflammatory reagents added for 35 weeks.
[d] The ratio of the fluorescence intensity of NF-κB p65 in the nuclei to that of the cytoplasm was assessed. Student's t test was used for statistical analysis. *p < 0.05.
[e] ROS production in the organoids was assessed using CellROX®, which detects ROS as red fluorescence. ROS were induced by stimulation with inflammatory reagents, whereas ROS production was absent in untreated organoids. ROS had completely disappeared in the organoids 2 weeks after removal of the reagents following a 3-h treatment. ROS production remained at 11 weeks after removal of the inflammatory reagents following a 35-week treatment. Scale bar: 100 µm.
[f] The ratio of the fluorescence intensity of ROS in the organoids was assessed. Student's t test was used for statistical analysis. 
Alterations in gene expression profiles following long-term inflammation
We finally investigated the effect of long-term inflammation on the epithelial cells by assessment of alterations in gene expression profiles according to the duration of inflammatory stimulation. Because inflammation-related genes had been already upregulated by inflammatory stimulation for 12 weeks [data not shown], we focused on gene alteration in the late phase of long-term inflammation. We then could find that some genes in the organoids stimulated for 60 weeks were upregulated after 12 weeks of inflammatory stimulation [ Figure 5a , Table 2 ]. Moreover, some genes were downregulated after 12 weeks of inflammatory stimulation [ Figure 5b , Table 3 ], suggesting that the alteration of gene expression in colonic organoids continuously occurs during long-term inflammation.
Discussion
It has been suggested that the duration of inflammatory signalling prolongs disease in UC, which has been identified as the most important predictive factor for progression to CAC. 10 However, use of an AOM/DSS in the in vivo mouse model failed to identify the mechanisms underlying the effects of prolonged inflammation on epithelial cells. The in vitro model established in this study enabled us to assess the process of alterations to epithelial cells over a period of more than 1 year. This study is the first to demonstrate cell transformation of colonic organoids by long-term inflammatory stimulation induced with specifically selected reagents. NF-κB signalling in colonic epithelial cells was amplified by stimulation of timedependent 'signal spiralling', although the quantities of the inflammatory reagents in the culture medium were constant. In particular, DUOXA2, which is a target gene of NF-κB signalling, 11 gradually increased week by week, resulting in one of the most upregulated genes in the organoids treated for 60 weeks. It has been reported that DUOXA2 is specifically involved in the inflammation in UC as an inducer of ROS production. 12 Moreover, increased expression of both DUOXA2 and its binding partner DUOX2 is a central mediator of mucosal immune responses in paediatric IBD patients. 13 Furthermore, the pathogenesis of very early onset IBD is associated with a loss-of-function missense mutation in DUOX2, 14 indicating that ROS deregulation may play a central role in IBD onset. Hence, it might be useful to elucidate the regulation of ROS-related genes to further elucidate the interactions of intestinal homeostasis and pathogenesis with inflammation. However, the underlying mechanism of how p65 had accumulated in the nuclei during long-term inflammation has not been clarified. The regulation of components in the NF-κB signalling pathway throughout chronic inflammation, including IKK 17 and A20, 18 should be assessed in future studies. We have also reported that Hes1 via Notch signal directly supressed the expression of Atoh1, resulting in goblet cell depletion in UC. 15, 16 . In this in vitro model, we were able to reproduce the phenomenon in UC that the suppression of Atoh1 during long-term inflammation led to the undifferentiated state in colonic organoids, thereby further supporting the appropriateness of this model for UC. Although we interestingly found a reciprocal change in expression among stem cell markers and cell proliferation markers, cell growth of organoids was not changed during many passages for more than 1 year, suggesting that the function of stemness and cell proliferation might not be generally affected by long-term inflammation. These results might however indicate a phenomenon at the early stage of stem cell transformation to change the functional behaviour of IECs during inflammation-mediated carcinogenesis.
Another advantage of this model is the ability to investigate longterm transition of gene expression profiles. Disease duration of IBD is highly related to the carcinogenesis of CAC, suggesting that the exposure time of the intestinal epithelial cells to inflammation might be critical for carcinogenesis. 2 We found that the expression levels of some genes in the organoids had been drastically upregulated in the late phase of inflammatory stimulation for 60 weeks. These genes, including Smox 19 and CD151, 20, 21 were mostly related to oxidative stress and carcinogenesis rather than inflammation, suggesting that they might be critical for inflammation-mediated carcinogenesis. Further analysis of these genes would help to elucidate the mechanisms underlying inflammation-mediated carcinogenesis related to disease duration. Moreover, the expression of these genes might be a useful marker to estimate inflammatory accumulation in the mucosa of individual patients with UC, for the prediction of relapse and of carcinogenesis.
Finally, long-term inflammatory stimulation-induced constitutive NF-κB signalling was impossible to completely shut down, even after cessation of inflammatory reagents. Sustained TNFα expression in the organoids might partly help sustained NF-κB signalling by an autonomous response. ROS production was also still activated in the organoids following long-term inflammatory stimulation, even after Table 2 . List of upregulated genes in the colonic organoids 12 weeks after the removal of inflammatory reagents following the 45-week treatment with inflammatory reagents, compared with that of untreated organoids. The expression of genes in the colonic organoids 12 weeks after the removal of inflammatory reagents following treatment with inflammatory reagents for 45 weeks, was comprehensively compared with that of untreated organoids by microarray analysis. The upregulated genes with more than a 100-fold change are shown as a list. Statistical analysis was performed using Student's t test [n = 3].
Identifier
Gene removal of the inflammatory reagents, suggesting that the accumulation of inflammatory stimulation might lead to the transformation of colonic epithelial cells. 22 Actually, the expression of neurotensin [Nts] , which showed the greatest upregulation in the organoid after 60 weeks of inflammatory stimulation, remained despite the removal of the inflammatory reagents, indicating that this cell state might be irreversible. Moreover, the other genes showed the highest expression in the organoids after the removal of cytokines, indicating cell transformation was promoted by long-term inflammation. In particular, Nts has been reported to play various roles in inflammation-related carcinogenesis, such as aggravation of inflammation, angiogenesis and induction of carcinogenesis-related microRNAs, [23] [24] [25] suggesting that cell transformation of the organoids following long-term inflammation might be involved in the process of carcinogenesis in CAC.
In this study, transformed organoids did not develop cancerous areas because transformed organoids could not survive in culture medium without either EGF or R-spondin1 [data not shown], without which the organoids derived from intestinal cancer survived. 26 We then attempted to identify mutations to representative oncogenes, 27 such as P53, K-ras, β-catenin and APC, but found none [data not shown], suggesting that unknown additional factors might be necessary for induction of carcinogenesis. It has been reported that activation of NF-κB and Wnt signalling promoted carcinogenesis of differentiated intestinal epithelial cells in mice. 26 Thus, stimulation of Wnt signalling might be necessary for long-term inflammation and subsequent progression to carcinogenesis. Continuous study of this in vitro model is expected to lead to the establishment of an inflammationrelated carcinogenesis model. [a] GSEA was performed using the microarray data between organoids 11 weeks after the removal of the inflammatory reagents following the 45-week treatment and organoids treated with inflammatory reagents for 60 weeks. GSEA showed the significant similarities of upregulated genes as compared with untreated organoids.
[b] The expression levels of Nts, Igfbp7 and fabp1 were assessed by RT-PCR. These genes were selected from the top five upregulated genes in the organoids 12 weeks after the removal of the inflammatory reagents following the 45-week treatment as shown in Table 2 . The degree of mRNA expression was normalized to that of β-actin. The horizontal axis indicates the time span after the removal of the inflammatory reagents following the treatment for 3 h and 45 weeks, respectively. Student's t test was used for statistical analysis. **p < 0.01, n = 3. RT-PCR, real-time polymerase chain reaction; GSEA, gene set enrichment analysis.
In addition, this model can be applied to human colonic organoids. The establishment of an in vitro human model is desirable to further elucidate the process of long-term inflammation-related carcinogenesis and to develop a scoring system to predict individual outcomes of UC, such as the degree of inflammation and risk for CAC.
In conclusion, our in vitro inflammation model was useful to assess long-term epithelial response to inflammatory cytokines. Although we revealed the alteration of state in IECs during longterm inflammation, such as suppression of secretary lineages, sustained NF-κB signalling and high oxidative stress with DUOXA2 Table 3 . List of genes that altered expression after 12 weeks of inflammatory stimulation. Comprehensive gene expression detected by microarray analysis were compared among the organoids treated with inflammatory reagents for 0, 12 and 60 weeks. The expression of comprehensive genes was calculated by the average of data [n = 3] in microarray analysis. Difference in each gene expression was shown as p-value. Statistical analysis was performed using Student's t test. The fold change of '0w vs. 12w' was calculated by the comparison of the gene expression between the organoids treated for 12 weeks and untreated organoids. The fold change of '0w vs. 60w' was calculated by the comparison of the gene expression between the organoids treated for 60 weeks and untreated organoids. The fold change of '12w vs. 60w' was calculated by dividing the gene expression in the organoids treated for 60 weeks by that for 12 weeks. [a] List of genes upregulated in the organoids treated for 60 weeks after 12 weeks of inflammatory stimulation. Genes were selected if the ratio was more than 2-fold when the ratio of '12w vs. 60w' was divided by the ratio of '0w vs. 12w'. [b] List of genes downregulated in the organoids treated for 60 weeks after 12 weeks of inflammatory stimulation. Genes were selected if the ratio was less than 0.5 when the ratio of '12w vs. 60w' was divided by the ratio of '0w vs. 12w'. The genes that were either upregulated or downregulated by more than 2-fold, as compared with the ratio between the treatment for 12 and 60 weeks and between 0 and 12 weeks, were selected, as shown in Table 3 .
Fold
[a] Nine genes in the organoid treated for 60 weeks were upregulated after a 12-week treatment. The ratio of the value compared with the average value at week 0 week is shown. [b] Nine genes in the organoid treated for 60 weeks were suppressed after a 12-week treatment. The ratio of the value compared with the average value at week 0 is shown.
accumulation, detailed mechanisms to induce cell transformation in IECs during inflammation have not yet been fully clarified. Future detailed analysis of the transition of cell characteristics during the inflammation process should prove useful to further elucidate the effects of chronic inflammation on epithelial cells in UC.
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